Objective: To assess the virological response, genotypic resistance profiles, and antiretroviral plasma concentrations in HIV-2 antiretroviral-treated (antiretroviral therapy, ART) patients in Cô te d'Ivoire.
Introduction
Between one and two million people are estimated to be infected with HIV-2, mainly in West Africa [1] . HIV-2 infection represents a unique model of attenuated retroviral infection, characterized by slow disease progression associated with prolonged maintenance of a normal CD4 þ cell count [2] ; low infectivity, with a high proportion of patients with a spontaneous undetectable plasma viral load in the absence of antiretroviral drugs [3] ; and a low rate of transmission [4, 5] .
HIV type 1 (HIV-1) and HIV-2 genomes differ by about 50-60% at the nucleotide level. These differences may be correlated with differential responses to some antiretrovirals, as observed with the natural resistance of HIV-2 to nonnucleoside reverse transcriptase inhibitors, the fusion inhibitor enfuvirtide, and the decreased susceptibility to some protease inhibitors (amprenavir, indinavir, nelfinavir, atazanavir, tipranavir) [6] [7] [8] [9] . Owing to genetic diversity, HIV-2-specific assays are needed for virological monitoring: that is, viral load quantification assays and genotypic resistance tests. These processes complicate the biological follow-up of HIV-2-infected patients, particularly in West Africa, the endemic region of this virus. Data available in the literature among HIV-2 genotypic resistance profiles issued from patients in virological failure are mainly obtained from limited series [10] [11] [12] [13] [14] , and plasma drug concentrations are usually not assessed.
The aim of this study was to assess the virological response, genotypic resistance profiles, and treatment adherence of HIV-2 antiretroviral-treated patients in Côte d'Ivoire.
Patients and methods
From April 2012 to August 2012, a cross-sectional survey was conducted among HIV-2-infected patients receiving an antiretroviral-based treatment (antiretroviral therapy, ART) and followed up in six HIV clinics in Abidjan, Côte d'Ivoire, which were participating in the International epidemiologic Databases to Evaluate AIDS (IeDEA) West Africa collaboration [15, 16] . The HIV-2 West Africa cohort is a network of HIV-2 and dually HIV-1/HIV-2seropositive patients of West Africa embedded in the IeDEA-West Africa collaboration with five countries.
The IeDEA-West Africa HIV-2 cohort aims, first, to build and strengthen an operational and clinical research agenda to better describe HIV-2 case management and its short-term and then longer-term consequences in the West Africa region.
All HIV-2 patients registered in this database and on ART and who attended one of the participating clinics during the study period were proposed to participate in this survey. The National Bioethics Committee of the Ministry of Health of Côte d'Ivoire approved the study protocol.
National guidelines in Côte d'Ivoire are based on World Health Organization recommendations for HIV-2 treatment in resource-limited settings. These latter recommend in first-line regimen, the use of two nucleoside reverse transcriptase inhibitors (NRTIs) combined with boosted protease inhibitors (lopinavir, saquinavir, or indinavir: with lopinavir as the preferred option); or as an alternative first-line, for patients with a CD4 þ cell count above 200 cells/ml, a triple-NRTI regimen [17] .
Ultrasensitive plasma HIV-2 RNA quantification was performed using the new in-house real-time PCR assay, developed in the AC11 Quantification Group of the French National Agency for AIDS and Viral Hepatitis Research (Agence Nationale de Recherches sur le Sida et les hépatites virales, ANRS) and commercialized by Biocentric, using a quantification threshold of 10 copies/ml used in this study.
Genotypic resistance tests, that is, protease and reverse transcriptase sequencing, were performed in samples with a plasma HIV-2 viral load above 50 copies/ml using in-house methods. Briefly, a fragment of each region was amplified by reverse transcriptase-PCR according to the manufacturer's instructions (Titan One Tube RT-PCR Kit; Roche, Mannheim, Germany) using the following primers: RTC/RT2 for reverse transcriptase [18] , DP20 [19] /PRRT1 (5 0 CYTGRGTYACCYTRTTTARYT) for protease, and INT1S/INT1AS for integrase [20] . Nested PCR reactions were performed with Taq DNA polymerase (Roche) following the manufacturer's instructions and the primers: RT3/RT4 for reverse transcriptase [18] , DP26/PRRT2 (5 0 CTATYAGCA TYCTCCATTTG) [19] for protease, and with two different pairs of primers for integrase region (INT1S/ INT2SA and INT2RS/INT2R) [20] . Sequencing reactions were run on an ABI Prism BigDye Terminator kit using an automated sequencer (ABI Prism 3130 XL; Applied Biosystems, Foster City, California, USA). Sequences editing and alignment were performed using the SmartGene software.
In this study, HIV-2 resistance mutations were identified using the list generated by the 'Collaborative HIV and Anti-HIV Drug Resistance Network' [21] , leading to the following mutations in reverse transcriptase -K65R, D67G/N, N69S/T, K70N/R, L74V, V111I, Y115F, M184I/V, Q151M, S215A/C/F/L/Y, K223R; and in protease -V47A, G48V, I50V, I54L/M, V62A, I82F, I84V, L90M, L99F. Among the protease inhibitor resistance mutations, the I50V, I54M, and I84V were associated with resistance to darunavir [21, 22] . HIV-2 subtype was evaluated by comparing the polymerase sequence to consensus sequences using the Los Alamos database (www.hiv.lanl.gov). Protease and reverse transcriptase sequences were submitted to GenBank with the following accession numbers: KJ131111-KJ131164 and KJ156622.
Estimation of adherence was based on information provided by the patients regarding the intake of medicine during three periods: the previous day; the previous 4 days; and the previous 30 days. Antiretroviral plasma concentrations were measured in the same samples as those used for viral load assay, using ultra performance liquid chromatography combined with tandem mass spectrometry (UPLC-MS/MS; Waters Corporation Milford, Milford, Massachusetts, USA) [23] . Considering the lack of in-vivo data on HIV-2 threshold plasma concentrations and according to the respective daily dosage administered, plasma concentrations were considered adequate if lopinavir was at least 1000 ng/ml, indinavir at least 150 ng/ml, and saquinavir at least 100 ng/ml [24] .
Qualitative variables were expressed as percentages. Quantitative variables were expressed as medians with their interquartile ranges (IQRs). Comparison of percentages was analyzed using the Pearson x 2 test, or Fisher's exact test, and for comparisons of means, Student's t-test was used. Comparisons of medians were made using the Mann-Whitney U-test.
Results
Patients' characteristics A total of 145 HIV-2-treated patients were enrolled: 54% men, median age of 45 years (IQR ¼ 38-51; Table 1 ). The median time since initiation of the first ART was 4 years (IQR ¼ 2-7), and the median pre-ART CD4 þ cell count, available for 107 patients, was 171 cells/ml (IQR ¼ 94-285). The regimens prescribed at initiation of ART were as follows: protease inhibitor-based regimens for 112 patients (77%), including 67 of lopinavir/ ritonavir (60%), 37 (33%) of indinavir (including 17 boosted with ritonavir), and eight (7%) of nelfinavir; dual or triple NRTI regimens in 13 patients (9%); and NNRTI-based regimens, prescribed during several months before HIV type determination, in 20 patients (14%). These latter were all switched to a non-NNRTIbased regimen within a median delay of 9 months, including seven (35%) who were switched during the first month of ART. At the time of the study, 48 of the 145 patients (33%) were still receiving their first-line regimen, and 67% had switched to another ART.
Immunovirological profiles
At the time of the study, patients were receiving the following ART: protease inhibitor-based regimen (n ¼ 137, 94%) including lopinavir/ritonavir (n ¼ 131), darunavir/ritonavir (n ¼ 2), saquinavir (n ¼ 2), and indinavir (n ¼ 2); and triple NRTI regimen (n ¼ 8, 6%).
At the time of the study, median CD4 þ cell count was 360 cells/ml (IQR ¼ 215-528) and the distribution of HIV-2 plasma viral load was as follows: 99 patients had a viral load less than 10 copies/ml. Among these latter, 11 patients had detectable HIV-2 RNA (i.e. between 1 and 10 copies/ml), nine had a HIV-2 viral load between 10 and 49 copies/ml, 16 between 50 and 999 copies/ml, 15 between 1000 and 9999 copies/ml, and six had at least 10 000 copies/ml ( Fig. 1) . Thus, at a threshold value of 50 copies/ml, 108 patients (74%) displayed a plasma HIV-2 viral load less than 50 copies/ml, and 37 (26%) were in virological failure, that is, with a HIV-2 plasma viral load more than 50 copies/ml. Patients with viral load more than 50 copies/ml were treated for a longer time than those with viral load less than 50 copies/ml (76 vs. 42 months, P ¼ 0.0001).
Among the latter, the median viral load was 3016 copies/ ml (IQR ¼ 454-5156). Most of these patients (n ¼ 30, 81%) were receiving at least a second-line regimen. The ART received at the time of the study was as follows: protease inhibitor-based regimen (n ¼ 31, 86%) with lopinavir/ritonavir in 29 cases, saquinavir/ ritonavir in one case, and indinavir in one case; and triple NRTI regimen in four patients (11%). The two remaining patients received a dual protease inhibitor therapy (lopinavir/ritonavir þ saquinavir) and a salvage therapy (tenofovir/emtricitabine þ raltegravir þ darunavir/ritonavir).
At the time of the study, median CD4 þ cell count was 434 cells/ml (IQR ¼ 292-573) in those patients with viral load less than 50 copies/ml, and 204 cells/ml (IQR ¼ 122-281) in patients who had virological failure (P < 0.0001). Median change in CD4 þ cell count between initiation of first ART and the time of the study was þ172 cells/ml (IQR ¼ þ70 to þ305) and þ29 cells/ml (IQR ¼ À65 to þ 69) in patients with viral load less than 50 copies/ml and in those with virological failure, respectively (P < 0.0001).
Genotypic resistance tests
In the 37 patients with virological failure, protease and reverse transcriptase sequencing were successful in 29 (78%) and 25 (68%) of samples, respectively. Among the 31 samples with available sequences (protease or reverse transcriptase), 22 (71%) patients were infected with HIV-2 group B and nine (29%) with HIV-2 group A.
HIV-2 mutations associated with NRTI and protease inhibitors resistance were detected in 21 of 25 (84%) and 20 of 29 (69%) of samples, respectively. The most prevalent resistance mutations to NRTI were the following: M184V (n ¼ 17, 81%), Q151M (n ¼ 5, 24%), S215F/Y (n ¼ 5, 24%), V111I (n ¼ 4, 19%), K65R (n ¼ 3, 14%), M184I (n ¼ 2, 10%), and D67N (n ¼ 2, 10%) ( Fig. 2a) . Each of the following mutations N69S, K70R, and Y115F were detected in one sample (5%). The most prevalent resistance mutations to protease inhibitors were as follows: V47A (n ¼ 12, 60%), I54M (n ¼ 6, 30%), and L90M (n ¼ 5, 25%; Fig. 2b ). Each of the following protease inhibitor resistance mutations I50V, I82F, I84V, V62A, and L99F were detected in three samples (15%). Among the protease inhibitor-resistant viruses, eight (40%) displayed at least one darunavir resistance-associated mutation [I54M (n ¼ 5), I50VþI84V (n ¼ 2), I50VþI54M (n ¼ 1)]. Nine of the 12 patients harboring V47A-mutated viruses had previously received an indinavir-based regimen (boosted with ritonavir in five cases), and all but one were receiving lopinavir/ritonavir.
Among patients exhibiting viruses with resistance mutations, 15 (65%) displayed resistance mutations to both NRTI and protease inhibitor drug classes.
No significant differences were observed between genotypic resistance profiles of group A and group B HIV-2-infected patients (data not shown).
Integrase region was sequenced in the patient in virological failure when receiving raltegravir-based regimen, showing the major resistance mutation N155H associated with the secondary mutations E92Q and T97A.
Plasma drug concentrations
Twenty out of the 145 patients (13.8%) self-reported missed doses of ART during the last day, and/or last 4 days, and/or last 30 days. Among these, there were 20 nonadherent patients, of whom three displayed drug concentrations below the limit of quantification (10 ng/ml).
Overall, 128 of the 142 patients (90%) with available plasma drug concentrations showed adequate drugs concentrations, as previously defined in the Methods section. The proportions of patients with adequate plasma drug concentrations were 81% (29/36) in patients with virological failure and 93% (99/106) in those with viral load less than 50 copies/ml (P ¼ 0.046; Fig. 3 ).
All seven patients with virological failure and inadequate plasma drug concentrations displayed drug concentrations below the limit of quantification. Genotypic data were available for six of them, showing wild-type viruses in four cases and M184V-mutated viruses in two. Among the seven patients with viral load less than 50 copies/ml and exhibiting inadequate plasma drug concentrations, three displayed suboptimal concentrations of lopinavir (<1000 ng/ml), and four had all drug concentrations below the limit of quantification.
No significant differences were observed between patients with adequate and those with inadequate plasma drug concentrations regarding median CD4 þ cell counts at the time of the study or the median gain in CD4 þ cell counts since the initiation of first ART. Fig. 2 . Proportion of patients whose viruses showed resistance-associated mutations to nucleoside reverse transcriptase inhibitors (a) and to protease inhibitors (b).
Discussion
In this study, based on 145 long-term HIV-2-treated patients from six HIV care centers in Abidjan, Côte d'Ivoire, we have shown that 74% displayed a HIV-2 plasma viral load less than 50 copies/ml, the median CD4 þ cell count was 360 cells/ml, and 90% had adequate plasma concentrations, suggesting adequate adherence to their ART regimen. In patients with virological failure, a high rate of NRTI and protease inhibitor drug resistance mutations were detected.
This cross-sectional observational study has some limitations. Pre-ART plasma HIV-2 viral load values were not available and participants had heterogeneous therapeutic histories in terms of drug exposure and duration of ART. However, to our knowledge, this is one of the largest HIV-2 studies (n ¼ 145 patients) to assess the virological response and development of resistance in Western Africa.
In HIV-2 infection, an immunological response is a key criterion for assessing a response to ART as many patients display undetectable plasma HIV-2 RNA prior to initiation of ART [3] . Previous studies have reported a poorer immunological response to ART in HIV-2infected patients when compared with HIV-1-infected patients [25, 26] , particularly regarding triple-NRTI regimens and regimens that include first-generation protease inhibitors [25] . In our study, patients receiving a first-line ART containing lopinavir had a good immunological response, as previously reported [25, 26] . Moreover, we observed improved immune reconstitution in patients with viral load less than 50 copies/ml, with a significant gain in CD4 þ cells since the initiation of ART compared with patients with plasma viral load more than 50 copies/ml (þ 172 vs. þ29 cells/ml). Interestingly, median duration of ART in patients with viral load more than 50 copies/ml and in those with viral load less than 50 copies/ml is not comparable, showing a more advanced therapeutic history in patients with viral load more than 50 copies/ml.
In the 37 patients with HIV-2 RNA more than 50 copies/ml, a high prevalence of resistance was observed, with NRTI and protease inhibitor drug resistance mutations detected in 84 and 69% of samples, respectively. Regarding NRTI drug class, we found common profiles of genotypic resistance to HIV-2, with a high proportion of Q151M, K65R, and M184V mutations [27, 28] . Among the 21 patients exhibiting NRTI resistance-associated mutations, a decreased susceptibility to tenofovir and/or abacavir was predicted in 12 (57%) patients. In our study, the Q151M mutation was not associated with a specific dual or triple-NRTI regimen failure. Two of the four Q151M-mutated viruses also harbored the V111I mutation, and it has been previously shown that when Q151M was selected with the V111I mutation, a decrease in susceptibility to all NRTIs was observed [14, 29] .
Regarding protease inhibitor drug class, the V47A resistance mutation was selected in one-third of virological failures that occurred in patients who received a first-line ART that contained lopinavir. These in-vivo findings confirm in-vitro phenotypic data, which show a significant increase in phenotypic resistance to lopinavir of the V47A site-directed mutant [22] . However, the V47A mutation does not decrease phenotypic susceptibility to darunavir [22] . The continuous viral replication under protease inhibitor drug pressure and protease inhibitor cross-resistance are both deleterious for subsequent therapeutic options. In our study, selection of lopinavir resistance may have impact, in some cases, on viral susceptibility to darunavir. Indeed, 40% of the patients harboring protease inhibitor-resistant viruses displayed at least one mutation associated with a decreased phenotypic susceptibility to darunavir [22] . We mainly observed the I54M darunavir resistance-associated mutation, which was detected in six cases, a single mutation that resulted in 6.2-fold increased resistance to darunavir [22] . In the other two cases, we observed a combination of I84V and L90M mutations, resulting in 3.3-fold increased resistance to darunavir [22] . Among the patients with a viral load more than 50 copies/ml, five (13%) exhibited dual class-resistant viruses with resistance to both tenofovir (and/or abacavir) and darunavir. This high rate of resistance prevalence observed in patients with virological failure, combined with the crossresistance mechanism within protease inhibitor drug class, and also the reduced number of antiretroviral drugs active against HIV-2, is a critical issue.
With regard to the HIV-2 therapeutic arsenal, in cases of NRTI and protease inhibitor resistance, the only active drug class is integrase inhibitors [20, 30] , and possibly the CCR5 inhibitor maraviroc [31] . However, the use of integrase inhibitors may be limited in pretreated patients who harbor NRTI-resistant viruses because of the low genetic barrier to resistance of this drug class, and who require a combination with fully active drugs.
Adequate drug concentrations were observed in a high proportion of patients, strongly suggesting overall good treatment adherence and this confirms the role of drug resistance-associated mutations in virological failure. Eleven patients in the study showed no antiretroviral drugs in their plasma, suggesting either nonadherence or intestinal malabsorption, or drug-drug interactions with a potent enzymatic inducer, such as rifampicin. These latter mechanisms might also explain that some of the patients had drug concentrations below the limit of quantification, despite a self-reported good adherence.
The findings of our study underline the need to try to define a sequencing of HIV-2 therapeutic strategies, especially in case of protease inhibitor-based first-line regimen. Lopinavir should be used as a first-line therapy to guarantee, in cases of a V47A mutation, the possibility of using a potent second-line therapy with darunavir or saquinavir associated with integrase inhibitors. Lopinavir cannot be recommended as a second-line therapy after failure of a first-generation protease inhibitor/ritonavirbased regimen (saquinavir or indinavir). Another clinical implication is the need to find an alternate boosted protease inhibitor-based regimen to initiate ART in HIV-2-infected patients. Randomized trials that evaluate triple-NRTI or integrase inhibitor-based regimen, compared to protease inhibitor/ritonavir-based regimen, are future options to consider [32] .
Among 145 HIV-2-infected patients on ART in our study, we observed a high proportion of patients with viral load less than 50 copies/ml and adequate drug plasma concentrations. However, in cases of virological failure, the limited HIV-2 therapeutic arsenal and cross-resistance dramatically reduced treatment options. 
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